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We represent well-defined mesoporous tungsten carbide catalysts for oxygen reduction reaction in alka-
line solution. The pore structures of tungsten carbide nanoplates (WC-700-m, WC-800-m and WC-900-m)
are formed as a function of reaction temperature of 700, 800 and 900 °C in CH4(25%)/H2(75%) atmosphere
for 9 h using layered tungsten nitride nanoparticles. All the tungsten carbide nanoplates exhibit isother-
mal sorption characteristics of mesoporous structure and fairly monomodal pore size distribution in the
range of 6.6-7.2 nm. The WC-700-m, WC-800-m, and WC-900-m exhibit X-ray diffraction patterns corre-

{\(/l"’g’:g;:)d;us sponding to WC;_y, WCy_x + WC, and WC phase, respectively. In particular, the WC-900-m shows highly
Tungsten carbide improved electrocatalytic activity toward oxygen reduction reaction in an alkaline solution as compared
palladium to the WC-900-c. Furthermore, the WC-900-m supported Pd catalyst as a non-Pt exhibits much enhanced

Oxygen reduction reaction
Electrochemical properties

electrochemical oxygen reduction properties in comparison with conventional Pt catalyst.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal carbides have potential applications due to
their special properties, such as high melting point, superior hard-
ness, high oxidation resistance, and good electrical conductivity.
In particular, they exhibit a well-known catalytic action on the
process of oxidation of hydrogen in acidic media having a par-
ticular chemical stability and the more resistant poisoning agents
[1]. For transition metal carbides to mimic the catalytic properties
of Pt-group metals, Levy and Boudart et al. suggested that tung-
sten carbides displayed Pt-like behavior in catalytic reactions [2-4].
Although the catalytic efficiency of WC is much lower than that
of noble metals, a considerable interest has been received in fuel
cells for the development of inexpensive systems [5-15]. However,
there is a lack of fundamental understanding and conflict between
results from different groups regarding the active phases and sta-
bility of this class of materials. Since the transition metal carbide
components are easily agglomerated under high temperature reac-
tion condition, most of these studies were carried out on low surface
area materials.
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The synthetic methods for high surface area carbides include
gas-phase reactions of metal compounds, reaction of gaseous
reagents with solid-state metal compounds, pyrolysis of metal
precursors and solution reactions [16-19]. Boudart et al. devel-
oped a temperature programmed reaction method, which an oxide
precursor is placed in a CHy4 gas atmosphere with increasing
temperature [20]. In particular, mesoporous structure materials
have received interests because of their wide range of poten-
tial applications such as separation, sensors, and, in particular,
catalysis [21-24]. A key issue for improving this class of meso-
porous structure is the development of synthesis methods that
produce materials with high surface areas and controlled pore sizes
in the nanometer range [25-30]. Recently, several mesoporous
materials synthesized by neutral templating and ligand-assisted
templating methods have been reported [31-36]. Through well-
developed template methods, conventional template method is
difficult to apply for the preparation of ordered mesoporous self-
supported metal carbides. Until now, there have been few reports
regarding the synthesis of self-supported ordered mesoporous
transition metal carbides with mono-modal distribution of pore
size.

Here we prepared well-defined mesoporous tungsten carbides
by means of template-free synthesis using layered tungsten nitride
nanoparticles. The mesoporous tungsten carbides were charac-
terized by field-emission scanning electron microscopy (FE-SEM),
field-emission transmission electron microscopy (FE-TEM), X-ray
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Fig.1. TEM and SEM images of (a) as-prepared W, N nanoparticles and samples prepared at (b) 700 °Cand (c) 800 °C, and (d) 900 °C in CH4/H, mixture using W, N nanoparticles.

powder diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS). The surface area and porosity of the synthesized samples
were analyzed by a nitrogen sorption measurement. To evaluate the
performance of the catalysts in oxygen reduction reaction (ORR),
cyclic voltammograms (CVs) and linear sweep voltammograms
were obtained in comparison with Pt/C catalyst using a potentio-
stat.

2. Experimental
2.1. Synthesis of mesoporous tungsten carbides

To prepare layered tungsten nitride nanoparticles, layered
tungsten oxide was prepared by a hydrothermal method. For
the layered tungsten oxide particles, ammonium tungstate
((NH4)10H2(W507)6) (Aldrich, 99.99%) as a precursor was dissolved
in 5M hydrochloric acid solution (Aldrich, 35%) with constant
stirring at 25°C for 1h and then kept at 120°C for 2h. After
the hydrothermal process, the resulting precipitate was cooled to
room temperature, washed several times with ethanol and distilled
water, and then filtered by using a filtration. The yellow layered
tungsten oxide powder was obtained after drying in 50°C oven.
For tungsten nitride structures from tungsten oxides, the resulting

powder was loaded into a quartz boat, which was inserted into a
vitreous quartz tube inside a cylindrical furnace, heated to reaction
temperatures until 700°C for 1h, and then maintained at 700°C
for 3 hin the NH3 of 100 mL min~!. The samples were cooled down
to room temperature in flowing NHs, and passivated for 2 h in an
air flow in order to avoid drastic reoxidation to tungsten oxide
when they were exposed to air. The as-prepared tungsten nitrides
were then loaded into a quartz boat, which was then inserted into
a vitreous quartz tube inside a cylindrical furnace. A gas mixture
of 25% CH4/H, was passed through the quartz tube at a rate of
100 mLmin~! during the entire reaction. Tungsten carbide cata-
lysts studied in this work were prepared at 700, 800, and 900 °C,
respectively, (denoted as WC-700-m, WC-800-m, and WC-900-m,
respectively). After carburization, all the samples were passivated
in an air gas flow for more than 5h before being removed from
quartz tube.

2.2. Preparation of mesoporous tungsten carbide-supported Pd
catalysts

For the preparation of WC-900-m supported Pd (4 wt.%) catalyst
(denoted as Pd/WC-900-m), the WC-900-m powder was dispersed
into anhydrous ethanol and then Na,PdCl4 was dissolved in the
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solution with continuous stirring for 1 h. After the complete disso-
lution, NaBH4 solution as a reductant with an excess amount was
added to the mixture solution and continuously stirred at 25 °C for
2 h. Finally, the resulting precipitate was washed with de-ionized
water and anhydrous ethanol, and dried at 50°C oven.

2.3. Structural analysis of as-prepared catalysts

The as-prepared samples were characterized by FE-TEM and
energy dispersive X-ray (EDX) spectroscopy using a Tecnai G2 F30
system operating at 300 kV. The TEM samples were prepared by
placing a drop of the nanoparticle suspension in ethanol on a
carbon-coated copper grid. Structural analysis of the mesoporous
structures was carried out by XRD method using a Rigaku diffrac-
tometer equipped with a Cu K, radiation source of A =0.15418 nm
with a Ni filter. The tube current was 100 mA with a tube volt-
age of 40kV. The 26 between 20° and 80° was explored at a scan
rate of 5°min~!. The surface area and porosity of the synthe-
sized samples were analyzed by a nitrogen sorption measurement
(Micromeritics ASAP 2020 adsorption analyzer). XPS (Thermo Sci-
entific, K-Alpha) analysis was carried out with the Al K, X-ray
source of 1486.8 eV at the chamber pressure below 1 x 10~ Torr
and 200 W beam power. All high resolution spectra were collected
using a pass energy of 46.95eV. The step size and time per step
were chosen to be 0.025 eV and 100 ms, respectively. Both ends of
the baseline were set sufficiently far so as not to distort the shape
of spectra, including tails. Small variation of the range of the base
line did not affect the relative amount of fitted species (less than
1%). The C 1s electron binding energy was referenced at 284.6 eV
and a nonlinear least-squares curve-fitting program was employed
with a Gaussian-Lorentzian production function.

2.4. Electrochemical analysis of as-prepared catalysts

Electrochemical properties of the catalysts were measured in a
three-electrode cell at 25°C using a potentiostat (CH Instrument,
CHI 700C). A Pt wire and Hg/HgO (in saturated NaOH) were used
as a counter and reference electrode, respectively. The rotating
disk electrode (glassy carbon) as a working electrode was polished
with 1, 0.3, and 0.05 p.m Al, 03 paste and then washed in deionized
water. The catalyst ink was prepared by ultrasonically dispersing
catalyst powders in an appropriate amount of Millipore water and
ethanol. The catalyst ink was dropped 0.7 L onto a rotating disk
electrode. To compare electrochemical properties and ORR activity
of the catalysts, CVs and linear sweep voltammetric curves were
obtained in 0.1 M NaOH solution. The stability test was carried out
by applying linear potential sweeps between —0.4 and +0.1V for
2,000 cycles with a scan rate of 50mVs~! in O,-saturated 0.1 M
NaOH solution at 25°C. The oxygen reduction current-potential
curves after the stability test of the catalysts were obtained by
sweeping the potential from —0.8 to 0.3 V at a scan rate of 5mV s~!
and rotation disk speed of 1600 rpm. The surface areas in the elec-
trochemical data are on the basis of geometric area of the working
electrode.

3. Results and discussion
3.1. Structural characterization of mesoporous tungsten carbides

Fig. 1 shows FE-TEM and FE-SEM images of tungsten carbide
particles prepared at different reaction temperatures under CH4/H;
mixture atmosphere using the as-prepared W, N nanoparticles. The
as-prepared W5 N for mesoporous tungsten carbide reveals porous
structure with fairly uniform and regular mesopores (Fig. 1a). In
particular, during nitration process using layered tungsten oxide,
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Fig. 2. (a) Nitrogen gas adsorption-desorption isotherms and (b) pore diameter
distributions of mesoporous tungsten nitride and tungsten carbide nanoplates.

the W5 N was gradually reduced and then the homogeneous sub-
stitution of oxygen vacancies in the reduced oxides with nitrogen
atoms occurred. The layered tungsten oxide can offer more open
sites forming mesoporous structure. The mesoporous tungsten
carbide samples (WC-700-m, WC-800-m, and WC-900-m) were
prepared by heating as-prepared W;N in 25% CH4 and 75% H,
atmosphere for 9 h as a function of reaction temperatures.

In order to characterize pore structure of the samples, curves
of nitrogen gas adsorption-desorption isotherm and pore size dis-
tribution were obtained as shown in Fig. 2 and characteristics
of the samples were summarized in Table 1. The as-prepared
W;N exhibits mesoporous structure with 7.2 nm of pore size and
55.6m?2 g1 of specific surface area. Furthermore, the WC-700-m,
WC-800-m, and WC-900-m prepared by the mesoporous W>N in
CH4/H, atmosphere show fairly uniform pore sizes of around 7 nm,
which are indicative of mesoporous structure, and specific surface
areas of 58.1, 55.2, and 44.5m2 g~ !, respectively.

Table 1
Comparison of mesoporous tungsten carbides prepared at 700, 800, and 900°C in
CH4/H; mixture using the W, N nanoparticles.

Sample Specific surface Pore diameter Phase
area(m?g!) (nm)

W;N 55.6 7.2 W,N

WC-700-m 58.1 7.2 WCi_x

WC-800-m 55.2 6.9 WCy_x +WC

WC-900-m 44.6 6.6 wC
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Fig. 3. XRD patterns of (a) as-prepared W;N, (b) WC-700-m, (¢) WC-800-m, and (d) WC-900-m. The inset in Fig. 3d indicates XRD patterns between 60° and 80° of WC-900-m.
(XRD reference peaks of W,N (JCPDS No. 25-1257, black bars, as shown Fig. 3a), WC;_, (JCPDS No. 20-1316, blue bars, as shown Fig. 3b), and WC (JCPDS No. 25-1047, red
bars, as shown Fig. 3d)). (For interpretation of the color information in this figure legend, the reader is referred to the web version of the article.)

Fig. 3 shows that XRD patterns of the mesoporous tungsten
carbides prepared using W>N as a function of reaction temper-
ature. The WC-700-m exhibits diffraction patterns of 26 values
at 36.9°, 42.8°, 62.0°, 74.2°, and 78.2° which can be indexed to
(111),(200),(220),(311), and (222), respectively, correspond-
ing to WC;_, phase (JCPDS No. 20-1316) with a face-centered cubic
(fcc) structure (Fig. 3b). The patterns of the WC-800-m are related
to the mixed phase of both WC;_, with an fcc lattice and WC
(JCPDS No. 25-1047) with a hexagonal-closed packing (hcp) lattice
(Fig. 3c). As shown in Fig. 3d, the WC-900-m reveals XRD pat-
terns related to pure WC phase with 26 =31.5°, 35.6°, 48.3°, 63.9°,
65.7°,73.1°,75.4°,and 77.1° corresponding to (001),(100),(101),
(110),(002),(111),(200), and (102) respectively, representing
complete transition of crystalline structure between mesoporous
tungsten nitride and tungsten carbide. The phase transition of WC
nanostructure from W5 N nanostructure is formed via WC;_, phase
according to increasing temperature. From the structural char-
acterization, during the carburization process of the mesoporous
W5 N, it is found that the W, N is gradually carburized due to homo-
geneous substitution of nitrogen atoms in the metal nitride with
carbon atoms without serious collapse and aggregation. In partic-
ular, it is likely that specific surface area and pore diameter of the
mesoporous tungsten carbide catalysts prepared by the W, N with
fcc decrease with increasing reaction temperature due to phase
transition between fcc of W, N and hcp of WC.

In general, tungsten carbide particles are formed by a tem-
perature programmed reaction method, which oxide precursors
are placed under CH4/H, atmosphere at relatively high reaction
temperatures. In order to compare the tungsten carbide struc-
tures prepared in our synthetic approach with tungsten carbides
(denoted as WC-600-c, WC-700-c, WC-800-c, WC-900-c, respec-
tively) conventionally prepared at different reaction temperatures,
the layered tungsten oxides were heated at 600, 700, 800, and

900°C under CH4/H, atmosphere. The WC-600-c exhibits dom-
inant W5C and tungsten metallic phase without WC phase (Fig.
S1 of Supplementary data). With increasing reaction temperature
from 700 to 900 °C, the crystal structures of the samples are trans-
formed between W, C and WC. In particular, the WC-900-c exhibits
non-porous structure and low specific surface area of 16.5m? g~!
in comparison with the well-defined mesoporous WC-900-m (Fig.
S2 and S3 of Supplementary data).

The surface chemical states of the as-prepared mesoporous
tungsten carbides were characterized by XPS analysis (Fig. S4 of
Supplementary data). For the WC-700-m, WC-800-m, and WC-
900-m, the W4f;, and 4fs, peaks typically appear at around ~32
and ~34eV, respectively, with a theoretical area ratio of 4:3. All
as-prepared mesoporous tungsten carbides consist of carbide and
oxidation states. In particular, the WC-900-m (85.9%) shows 1.2
times higher carbide state than the WC-800-m (71.5%) and WC-
700-m (71.8%). This means that surface states of the WC-800-m and
WC-700-m containing WC;_y phase could be easily transformed
into oxidation state by air treatment to avoid ignition of the sam-
ple during synthesis due to unstable surface state of WC;_, phase
in comparison with the WC-900-m containing pure WC phase [37].

3.2. Electrochemical characterization of mesoporous tungsten
carbides as non-Pt catalysts

To characterize ORR properties of mesoporous tungsten carbide
catalysts in alkaline solution, CVs of the samples in 0.1 M NaOH
solution were obtained as shown in Fig. 4. The on-set potentials of
ORR catalytic activity of the WC-700-m, WC-800-m, and WC-900-
m in O,-saturated 0.1 M NaOH are —0.250, —0.068, and —0.065V,
respectively. The reduction peaks of the WC-800-m and WC-900-m
are shifted into more positive potential in the CVs as compared with
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Fig. 4. CVs of WC-700-m, WC-800-m, and WC-900-m in Ar- or O,-saturated 0.1 M
NaOH with a scan rate of 50mVs~'.

that of the WC-700-m, representing that WC phase contained in the
WC-800-m and WC-900-m could enhance the ORR performance.
To further compare the catalytic performance and the ORR
mechanism of these catalysts, rotating ring disk electrode (RRDE)
analysis was carried out as illustrated in Fig. 5. The onset potentials
of the WC-800-m and WC-900-m toward ORR in the RRDE curves
are significantly shifted to positive direction, as compared with the
WC-700-m (Fig. 5a). The disk current density of the WC-900-m is
much larger than those of the WC-700-m and WC-800-m, whereas
the ring current density of the WC-900-m is comparably smaller
than those of the WC-700-m and WC-800-m. The plots of the num-
bers of exchanged electrons (n) and generation yield (%H;0,) of
hydrogen peroxide during ORR versus electrode potentials are as

shown in Fig. 5b. The n and %H, 0, can be obtained according to the
following equations:

L dig
- id +ir/N
%H,0, = 211

2

where iy is the current on glass carbon electrode, i, is the current
on ring disk electrode, and N is the collecting coefficient num-
ber of —0.4245. The n exchanged by the WC-900-m toward ORR
is determined to be ~3.9 near four electron transfer process as
compared with ~3.0 and ~3.5 of the WC-700-m and WC-800-m,
respectively. Furthermore, the formation of H,0, during the ORR
process was monitored using RRDE measurements. The %H,0, gen-
erated by the WC-900-m is much lower (~10%) than that by the
WC-700-m and WC-800-m (about 20-40%). Thus, we can suggest
that a highly improved electrochemical activity of the WC-900-
m may result from more exposed carbide states as an active site
as compared to the WC-800-m and WC-700-m, which is in good
agreement with the XPS data. Furthermore, the ORR activity of
the mesoporous WC-900-m in O, saturated 0.1 M NaOH is much
superior to that of the WC-900-c conventionally prepared at 900 °C
in CH4/H, (Fig. S5 of Supplementary data). Recently, Lin et al.
reported the tungsten carbide-based nanocomposites as an effi-
cient electrochemical catalyst for oxygen reduction reaction in
alkaline electrolyte [38]. However, the nanosized-tungsten carbide
reported by Lin et al. show low ORR activity (—0.304V as half wave
potential) and number of exchanged electrons (~3.25) compared
to WC-900-m nanostructure. As a result, among the WC catalysts,
the WC-900-m exhibits an improved ORR activity due to catalytic
properties of WC phase, dominant carbide surface state, and porous
electrode structure.

3.3. Characterization of Pd NPs deposited on mesoporous
tungsten carbide

To further enhance an oxygen reduction activity of the WC-900-
m comparable to conventional Pt catlayst, we synthesized Pd NPs
(4wt.%) deposited on the mesoporous WC-900-m (Pd/WC-900-m)
using a borohydride reduction method at 25 °C (Fig. S6 of Supple-
mentary data). Also, electrochemical active surface areas (EASAs)
of two catalysts were measured by integrating the charges on the
reduction of the oxide film regions [39]. The EASAs are 79.01 and
55.865m?g-! for the Pd/WC-900-m and Pt/C, respectively. This
represents that the Pd/WC-900-m have a high electrochemical
active surface area due to high dispersion of Pd (4 wt.%) nanoparti-
cles on WC-900-m with high surface area. In Fig. 6a-c, the current
densities of the WC-900-m, Pd/WC-900-m, and Pt/C at —0.1V are
1.694, 2.861, and 2.802 mA/cm?, respectively. The Pd/WC-900-m
as non-Pt catalyst exhibits similar electrochemical reduction activ-
ity comparable to that of the Pt/C. The improved electrochemical
activity of Pd/WC-900-m may be attributed to synergy effect by the
higher EASAs of Pd NPs as major catalyst and the catalytic behavior
of WC in ORR. Furthermore, to compare an electrocatalytic stabil-
ity for the ORR, the stability test of the catalysts was carried out by
applying linear potential sweep between —0.4 and +0.1V for 2,000
cycles in O,-saturated 0.1 M NaOH solution at 25°C. The Pd/WC-
900-m exhibits an activity loss of 13.1% in ORR current density at
—0.1V after stability test, whereas the Pt/C exhibits a considerable
loss of 38.0% in ORR current density (Fig. 6b and c). Furthermore,
in the half wave potential region, the Pd/WC-900-m exhibits a
slight potential drop of 13 mV at a half wave current density of
—2mA/cm? after 2,000 cycles, whereas the Pt/C exhibits a consider-
able drop of 30 mV after stability test (Fig. 6d). The WC as a support
material has been well known to exhibit higher electrochemical
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stability as anodic or cathodic electrode in alkaline electrolyte fuel
cells [40,41]. In particular, Fu et al. reported that metal-tungsten
carbide nanostructures exhibit improved electrochemical stability
due to the strong covalent interaction between metallic catalysts

and WC substrates [42]. Accordingly, the improved electrochemical
stability of the Pd/WC-900-m might result from strong interaction
among Pd catalysts and WC supports. As a result, we found remark-
ably improved electrochemical properties of the Pd/WC-900-m for
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oxygen reduction reaction in alkaline electrolyte. Thus, the Pd/WC-
900-m can be utilized as a promising cathode in alkaline fuel cell
applications.

4. Conclusions

We have successfully synthesized well-defined mesoporous
tungsten carbide catalysts using layered W, N nanoparticles. The
tungsten carbides derived from W,N nanoparticles at different
reaction temperatures in CH4/H, mixture atmosphere exhibit
isothermal mesoporous characteristics and fairly homogeneous
pore size distributions. During the carburization process using the
layered W5 N, the WC phase can be completely obtained by carbur-
izing W5 N nanoparticles without serious collapse and aggregation.
The particular catalytic properties of WC phase and mesoporous
structure with large active surface area in the WC-900-m might lead
to the enhanced electrocatalytic properties such as ORR activity
in an alkaline solution. Furthermore, the Pd/WC-900-m exhibited
much enhanced electrochemical oxygen reduction properties in
comparison with conventional Pt catalyst.
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